X-ray composition maps of Sc, Y, P, and Cr in garnet have been measured using the electron microprobe. Zoning is discontinuous and is correlated with fluid-absent crustal melting reactions. The magnitude of the discontinuity is a function of the amount of muscovite that melts, and the partition coefficients of solids versus melt. Trace element zoning is apparently not modified by diffusive processes, so the zoning can be used to monitor the extent of melting and to examine kinetics of melting and the participation of accessory phases in crustal anatexis.
INTRODUCTION
Fluid-absent melting is an important process in the generation of magmas on scales ranging from migmatites to batholiths. This paper describes observations of major and trace element zoning in garnet from near Fall Mountain, New Hampshire, that are interpreted to have developed during fluid-absent melting of pelitic rocks. The identification of distinct zoning patterns in garnet associated with fluid-absent melting reactions (e.g., Hiroi and Ellis, 1994b ) has potential as a powerful tool in the analysis of phase equilibria and kinetics of melting in the crust, and may help to provide new insights into crustal melting processes.
THEORETICAL CONSIDERATIONS
The phase equilibria of the assemblage garnet ϩ biotite ϩ Al 2 SiO 5 ϩ (muscovite or K-feldspar or liquid) ϩ plagioclase ϩ quartz Ϯ H 2 O (Fig. 1 ) dictate the types of reactions and the compositional changes that occur along different pressure-temperature (P-T) paths. Garnet will grow along any P-T path that crosses garnet Fe/(Fe ϩ Mg) contours toward lower Fe/(Fe ϩ Mg) ( Fig. 1 ), but the orientation of the contours depends strongly on the specific minerals present. Where muscovite is stable, the slopes of these contours are slightly positive (sillimanite field) or modestly negative (kyanite field) because the net transfer reaction biotite ϩ Al 2 SiO 5 ϩ plagioclase ϩ quartz ϭ garnet ϩ muscovite is fluid conserving. At conditions above muscovite breakdown, the slopes of the Fe/(Fe ϩ Mg) contours are steep because the net transfer reaction becomes either a dehydration reaction (below 3.5 kbar), biotite ϩ Al 2 SiO 5 ϩ plagioclase ϩ quartz ϭ garnet ϩ K-feldspar ϩ H 2 O, or a melting reaction (above 3.5 kbar), biotite ϩ Al 2 SiO 5 ϩ plagioclase ϩ quartz ϭ garnet ϩ liquid Ϯ K-feldspar. Inasmuch as muscovite breaks down by a dehydration reaction at pressures below ϳ3.5 kbar (invariant point in Fig. 1 ) and a fluid-absent melting reaction at higher pressures, rocks passing along low pressure versus high pressure P-T trajectories will undergo radically different reaction histories with important implications for mineral and melt evolution. Although direct experimental verification of the reaction biotite ϩ Al 2 SiO 5 ϩ plagioclase ϩ quartz ϭ garnet ϩ liquid Ϯ K-feldspar at temperatures immediately above muscovite melting has not been possible owing to sluggish kinetics at T Ͻ 750 ЊC, available experimental evidence on appropriate assemblages at higher temperatures and pressures (e.g., Vielzeuf and Holloway, 1988; Patiño-Douce and Johnston, 1991; Gardien et al., 1995) support continuous evolution of garnet and melt modes after muscovite breakdown, in support of the grid. Even in the absence of direct experimental verification, the phase equilibria constraints on the construction of the grid are inescapable.
Along the low-P trajectory (Fig. 1 ), a rock with the assemblage Grt ϩ Bt ϩ As (Al 2 SiO 5 ) ϩ Ms ϩ Pl ϩ Qtz largely dehydrates before it melts, first by the muscovite dehydration reaction (Ms ϩ Qtz ϭ Kfs ϩ As ϩ H 2 O), followed by continuous biotite dehydration (Bt ϩ As ϩ Pl ϩ Qtz ϭ Grt ϩ Kfs ϩ H 2 O). (Abbreviations used are Grt ϭ garnet, Bt ϭ biotite, As ϭ alumino-silicate, Ms ϭ muscovite, Pl ϭ plagioclase, Qtz ϭ quartz, Kfs ϭ K-feldspar, Lq ϭ liquid.) Melting will first occur at the vapor-saturated pelite solidus, although very little melting will occur at this reaction owing to the low porosity of medium-grade metamorphic rocks. Progressive heating will evolve melt continuously by the fluid-absent melting reaction Bt ϩ As ϩ Pl ϩ Qtz ϭ Grt Ϯ Kfs ϩ Lq (liquid); the amount of liquid will *Present address: Lawrence Livermore National Laboratory, Livermore, California 94550. increase in part owing to the increased amount of water available from the dehydration of Bt ϩ As ϩ Pl ϩ Qtz and in part because the amount of water dissolved in the melt in equilibrium with solids (dashed contours in Fig. 1 ) decreases with increasing temperature. At the point where melt first appears in the assemblage (the vapor-saturated solidus), the change in assemblage will cause a change in the slope of garnet zoning because melt will partition elements differently from the solids; however, the change will be smooth and continuous because the amount of melt increases continuously.
Along the high-P trajectory ( Fig. 1 ), a rock with the same initial assemblage will first encounter the vapor-saturated solidus. The amount of melting is likely to be small because little H 2 O is likely available in the generally low porosity mid-crustal rocks. At the muscovite fluid-absent melting reaction, melt will be produced in proportion to the amount of muscovite in the assemblage. Inasmuch as garnet and biotite are not involved in this reaction, their modes and compositions will not change. However, the modes of plagioclase, K-feldspar, aluminosilicate, and quartz will change significantly (e.g., Vielzeuf and Holloway, 1988 ; Le Breton and Thompson, 1988; Patiño Douce and Johnston, 1991; Gardien et al., 1995) . After muscovite has completely melted, continued heating causes immediate commencement of the continuous fluid-absent melting reaction Bt ϩ As ϩ Pl ϩ Qtz ϭ Grt Ϯ Kfs ϩ Lq, which reinitiates garnet growth. The zoning in garnet will show a discontinuous change across the muscovite melting reaction, however, because there is a discontinuous change in the modal mineralogy and mineral compositions when muscovite melts. Elements that were previously partitioned between muscovite and garnet will now be partitioned between melt and garnet, and the change in garnet zoning will reflect the change in partition coefficients, plus the amount of melt produced.
The effects of melting on garnet growth zoning patterns can be predicted from a knowledge of element partitioning. Garnet Ca zoning is strongly affected by Na 2 O and CaO partitioning between melt and plagioclase. Melt is enriched in Na/Ca relative to coexisting plagioclase, and participation of plagioclase in the melting reaction should increase its anorthite content. Therefore, the melting of muscovite will result in a shift in the plagioclase composition toward anorthite. When garnet resumes growth, equilibrium between garnet and plagioclase by the relation anorthite ϭ Al 2 SiO 5 ϩ grossular ϩ quartz will result in garnet with higher grossular content. The magnitude of the discontinuity in garnet composition will be a function of the anorthite content of the plagioclase, the amount of muscovite that melts, and the pressure (because Ca partitioning is pressure sensitive).
Changes in trace element concentrations in garnet resulting from muscovite melting can be modeled following Shaw (1970) . The initial (premelting) and final (postmelting) trace element concentration in any mineral can be written in terms of the concentration (C) in garnet multiplied by a distribution coefficient (D) between each phase (Ph) and garnet (Grt):
and
where the index i refers to the element of interest. These partitioning expressions can be combined with the mass-balance constraint:
to yield
where M is the moles of a phase in the assemblage. The change in trace element concentration in garnet across the melting reaction is therefore a function of the phasegarnet partition coefficients and the amount of each phase involved in the melting reaction.
OBSERVATIONS
The rock sample described is from the Silurian Rangeley Formation, located in central New England. The rocks are part of the Fall Mountain nappe and were metamorphosed to the sillimanite-K-feldspar zone during the Devonian Acadian orogeny. Peak metamorphic conditions are 725-750 ЊC at 3-5 kbar (see Kruger, 1946; Thompson et al., 1968; Spear et al., 1990; Spear, 1992 Spear, , 1993b Kohn and Valley, 1993 , for details of the geology, structure and petrology). Garnets from this locality were the subject of an ion-microprobe study of trace elements (Hickmott, 1988) .
X-ray composition maps from a thin section of sample K92-12D (Fig. 2) reveal a monotonic increase of Fe/(Fe ϩ Mg) from core to rim and an increase followed by a decrease in Mn. The zoning observed in these elements is the result during cooling of the net transfer reactions Grt Ϯ Kfs ϩ Lq (or H 2 O exsolved from melt) ϭ Bt ϩ As ϩ Pl ϩ Qtz, followed at lower temperature by Bt ϩ As ϩ Pl ϩ Qtz ϭ Grt ϩ Ms, along with Fe-Mg-Mn exchange between garnet and biotite, and extensive diffusion (Spear et al., 1990; Spear and Florence, 1992) .
Ca zoning is discontinuous and is apparently unmodified by diffusion. Ca increases by ϳ⌬X grossular (grs) ϭ ϩ0.01 from the core toward the rim (see arrow, Fig. 2a ), then decreases abruptly by ϳ⌬X grs ϭ Ϫ0.01, and finally increases by ⌬X grs ϭ ϩ0.1 at the very rim. These last two changes in Ca toward the rim are interpreted as late retrograde features. The initial increase in Ca from core to rim is interpreted as having been produced during muscovite fluid-absent melting.
The trace element maps (Fig. 2, d-g ) demonstrate remarkable patterns that correlate strongly with Ca. The discontinuous increase in Ca from core to rim is accompanied by discontinuous increases in Sc, Y, and Cr, and a decrease in P (see arrow, Fig. 2 ). These compositional discontinuities and their correlation with Ca zoning provide strong support for a discontinuous change in the mineralogy of the rock. The sharp boundaries indicate that the zoning of these elements has not been strongly modified by diffusion, in contrast to Fe, Mg, and Mn (Fig. 2, b and c) (see also Hiroi and Ellis, 1994a; Lanzirotti, 1995) . Trace element zoning may therefore reveal aspects of the history of a rock that Fe, Mg, and Mn do not.
DISCUSSION
The model for trace element partitioning described above (equation 3) can be used to explain the change in garnet composition in response to muscovite melting. As an example, we assume an initial modal mineralogy and corresponding molar proportions, shown in Table 1 . Note that even though garnet forms a significant proportion of the mineral assemblage, the number of moles of garnet is effectively zero for this analysis because garnet diffusion is apparently sufficiently slow that trace elements sequestered into the interior of the garnet are not in equilibrium with other matrix minerals, as evidenced by the zoning patterns. Note also that the modal proportion of biotite does not change in response to muscovite melting.
Partition coefficients needed for equation 3 are not well known, but approximate values can be extracted from the literature. Using data from Henderson (1982) , Hickmott (1988) , Harris et al. (1992) , London (1992) , Dahl et al. (1993) , and Bea et al. (1994) , we have estimated the D values, from which estimates of the final to initial garnet compositions can be calculated and compared with observed values (Table 1) . These D values have uncertainties of at least a factor of two for Cr and P and a factor of five for Sc and Y.
The calculated values compare well with the observed values for Cr, Sc, and P, especially considering the uncertainties. Y is problematic because the calculated value suggests a slight decrease, whereas the observed value indicates an increase by a factor of three. Accessory phases have not been considered in the melting model, and their role in determining trace element zoning patterns for specific elements could be important. For example, the poor agreement between observed and calculated Y shifts could reflect a poor understanding of Y partition coefficients or, alternatively, the participation of a Y-rich accessory phase such as xenotime or monazite in the melting reaction. Equilibrium with apatite should buffer phosphorus contents in the melt and garnet. The observation that P changes in garnet suggests that apatite is not melting, at least initially. The good agreement between calculated and observed shifts in Cr, Sc, and P suggests a relatively small contribution from accessory phases.
The calculations shown in Table 1 are only valid for the discontinuity. Subsequent changes observed in garnet can also be explained qualitatively. Cr continues to increase toward the rim, consistent with biotite melting by the continuous fluid-absent melting reaction biotite ϩ sillimanite ϩ quartz ϩ plagioclase ϭ garnet Ϯ K-feldspar ϩ liquid. The dramatic drop in Cr near the rim is attributed to the retrograde recrystallization of muscovite during cooling. Both Sc and Y show decreases toward the rim from the discontinuity, consistent with Rayleigh fractionation of these components and an increase in volume of the melt, which will dilute these components. P increases slightly toward the rim, which may reflect increased participation of apatite as melting progressed.
CONCLUSIONS
This study demonstrates that Ca and trace element zoning in garnet provide a powerful means of investigating the occurrence, kinetics, and P-T conditions of melting processes in the crust. The existence or absence of a discontinuity in the zoning patterns constrains the P-T trajectory to pass above or below the invariant point in Figure 1 (Ϸ3.5 kbar). Furthermore, the magnitude of the discontinuities can be used to estimate the amount of muscovite that has melted and the amount of melt produced from muscovite breakdown. The calculated melt fractions might be compared to those observed in outcrops, and inferences might be drawn about melt mobility. For example, if the amount of melt in an outcrop is considerably less than that inferred from the analysis of discontinuities, this might signify considerable melt mobility. Conversely, if it is reasonable to infer from other considerations that melt has not left the rock, then a comparison of the observed melt composition and fraction with those inferred from garnet zoning could be used to examine the degree to which equilibrium prevails during melting.
The trace element maps (Fig. 2, d-g ) also demonstrate significant heterogeneities in the degree to which prograde trace element zonation is preserved, which has significant implications for future in situ trace element studies. For example, Figure 2g (Cr) shows two garnets with low Cr interiors and high Cr rims, as well as four other garnets with virtually no Cr zoning. Only the garnets with the high Cr rims have the corresponding Ca discontinuities, which we ascribe to melting. If high Cr rims were produced on the four low Cr garnets, then they must have been removed by selective resorption of garnet during retrogression. It is worth noting that these complex zoning patterns in trace elements would be difficult to ascertain using spot analyses or line traverses. Moreover, it would be virtually impossible to interpret correctly the trace element zoning in the absence of a model that correlates particular areas in individual garnets with specific assemblages and garnet-producing reactions. For this reason we strongly advocate extensive X-ray mapping and reaction analysis prior to petrologic interpretation.
It is likely that additional trace elements, too low in concentration to be analyzed by microprobe, are also zoned, and their measurements may reveal additional information about melting processes and the participation of accessory minerals during melting (e.g., Hickmott et al., 1987; Hickmott, 1988; Hickmott and Shimizu, 1990; Harris et al., 1992; Hickmott and Spear, 1992; Bea et al., 1994; Lanzirotti, 1995) . This study has demonstrated a means of characterizing the reaction history of samples based on X-ray maps of major and trace elements, which can also be used to guide future studies that use more sensitive ion beam techniques. The relative ease with which X-ray maps for selected trace elements can be collected via electron microprobe offers considerable potential for additional study.
